Abstract-In this review, the current views on the spatial organization of the eukaryotic genome, as well as the functional compartmentalization of the cell nucleus, are discussed. The evidence that the genome packed in the 3D space of the cell nucleus is the structural basis for the nucleus compartmentalization are repre sented. Various mechanisms of mutual positioning of the remote genomic elements and mechanisms of the formation of functional compartments within the cell nucleus are analyzed. A possible role of factors emerg ing as a result of molecular crowding is also discussed. In the last section, the model, which suggests the important role of stochastic processes in the formation of the so called genome functional architecture and the assembly of functional compartments in the cell nucleus, is discussed.
FUNCTIONALLY DEPENDENT SPATIAL ORGANIZATION OF THE GENOME IN CONTEXT OF CELL NUCLEUS COMPARTMENTALIZATION
In recent years, the important role of the spatial organization of the eukaryotic genome and the func tional compartmentalization of the cell nucleus in reg ulation of gene activity were subjects of intense discus sion [1] [2] [3] . It is conventionally assumed that replica tion and transcription are the processes that consist in that DNA and RNA polymerases move along the DNA molecule. However, there exist many facts dem onstrating that the reality is diametrically opposed [4, 5] . Staining of nuclei with antibodies against various components of replication and transcription com plexes, as well as against canonical nucleotide analogs incorporated in DNA and RNA (bromodeoxyuridine and biotinyated nucleotides), showed that these two basic processes take place in a constrained number of microcompartments, which are called replication [6] [7] [8] and transcription [9] [10] [11] factories. Each factory includes several immobilized polymerases and DNA moves with respect to these compartments, while being replicated or transcribed [4] . A possibility of transcriptional regulation by recruiting genes to genes transcription factories is of special interest [12] [13] [14] . Some data indicate certain specialization of transcrip tion factories, which depends on transcription factor spectra [15, 16] . The specialization of transcription factories is also determined by an RNA polymerase type. Both transcription factors and RNA polymerases are constituents of transcription factories. Fibrillar centers localized in nucleoli represent good examples of specialised transcription factories. Here, RNA polymerase I and transcription factors, which are essential for the RNA polymerase promoter associa tion, are concentrated [9] . It was suggested that recruiting of genes for the specialized transcription factories may favor both transcription activation (pro moter corresponds to factory type) and transcription inactivation (no correspondence) [12] . Apart from replication and transcription factories, the nucleus includes many other functional compartments, Cajal bodies [17] , PML bodies [18] , specles (compartments with splicing machinery) [19] , paraspecles [20] , insu lator bodies [21] , and bodies that are formed by com plexes of DNA with Polycomb group repressive pro teins [22] . DNA is attracted to many of these compart ments where gene sets associated with certain compartment types are different in cells of various lin eages, and cells that are at different differentiation stages. Actively transcribed genes are shown to be fre quently recruited to PML bodies located in the inter chromatin compartment [23, 24] . Other results dem onstrate that actively transcribed genes are in contact with specles, which are the storage sites of the splicing machinery components [25] [26] [27] . One can suggest that one of regulatory mechanisms controlling transcrip tional status of genes or genomic domains. These mechanisms may also operate at the level of higher order chromosome organization, which were dis cussed recently [28, 29] . The discussion was caused by findings that demonstrate the existence of tissue spe cific spectra of contacts between remote regulatory elements in the genome. With the use of multicolor hybridization in situ and a number of other approaches, it was shown that some genes and their regulatory elements, which are located at considerable distances on the same chromosome or even on differ ent chromosomes, can be localized in close proximity within the cell nucleus [30] [31] [32] . Furthermore, with the use of a procedure of Chromosome Conformation Capture (3C) [33] , it was shown that, in erythroid cells, promoters of active globin genes and their remote regulatory elements are joined in an integrated activation complex, which was called Active Chroma tin Hub (ACH) [34, 35] . Accordingly, the spatial con figuration of the domain of the β globin genes turned out to be different in erythroid and nonerythroid cells [34, 36] . According to the majority of modern models, the spatial association of a promoter and an enhancer is essential for this enhancer function in respect to this promoter [37] [38] [39] . Therefore, it has been suggested that reconfiguration of a chromosomal domain, which makes possible spatial association of a promoter(s) and an enhancer(s), is one of the stages of the gene or genome domain activation, and this stage is essential for the transcription start.
Discussions on the role of 3D chromatin domains in gene expression have a weak point, which is an absence of any mechanism of active movement of objects (including distant parts of chromatin fibrils) within the nucleus. Although the nucleus contains actin and myosin [40, 41] , actin does not form contin uous filaments [42, 43] , which are a prerequisite for myosin motor functioning. DNA and RNA poly merases are the only known motors located in the nucleus. They can move along DNA or, being immo bilized, shift the DNA molecule, while it is transcribed or replicated. In this case, transcription initialized from an enhancer and directed towards a promoter can make possible spatial relocation of the enhancer and the promoter by DNA looping (Fig. 1) . However, this mechanism is restricted by the size of the tran scriptional unit. In this connection, it should be noted that many enhancers are located at a distance of tens and hundreds Kb from promoters that they control, which is significantly greater than the size of tran scripts. The model might be noncontradictory if one suggests that there are several subsequent transcrip tional units between the enhancer and the promoter; however, transcriptome analysis data do not support this point of view.
SPATIAL GENOME ORGANIZATION: DYNAMICS AND STOCHASTIC PROCESSES IN MACROFOLDING OF THE CHROMOSOMAL FIBRIL
Correlation between the genome activity and spe cial properties of macrofolding of chromosomal fibrils currently causes no debates [3, 46, 47] . However, caus ative consecutive conjunctions between the genome functional activity and its spatial organization remain unclear. Giving currently available methods, as well as model systems, we can observe only the static picture instead of the genome reconfiguration in its dynamics. A suggestion that changes in the spatial genome orga nization precede the transcription activation has dis crepancy in that a mechanism of spatial translocation of genomic loci is unknown. Another suggestion in that the specific spatial genome organization passively follows functional processes does not require this kind of mechanism. All intranuclear structures are known to be particularly dynamic. Chromosomes and chro mosomal domains exist in constant stochastic move ment [48] [49] [50] . This process does not require special motors. The driving force of the translocation is Brownean molecular movement. The nuclear com partments are also very dynamic. Analysis of exchange rates of proteins associated with the compartments showed that the compartment existence is determined by the equilibrium between the processes of assembly and disassembly [51] .
In fact, there is a random search among various configurations of a chromatin fibril. Thus, the ran domly found configuration could be just fixed [47, 52] . Interactions between proteins associated with differ ent genomic regions might play a role of such a fixing device. Insulators [53] or enhancers and promoters [54] can be the binding force for genomic sequences. One can argue that the force of protein interaction is not sufficient for keeping enhancers and promoters together. However, in the nucleus, there is a force that is capable to stabilise any macromolecular complex. This force (depletion attraction force) appears under condition of very high concentration of macromole cules (macromolecular crowding), which leads to restriction of free macromolecular movement [55, 56] . The mechanism of the depletion attraction force is represented in Fig. 2 . Macromolecules are shown as large circles, while small circles show solvent mole cules. The moving solvent molecules hit the macro molecules from all directions. However, when the macromolecules are in close proximity as a result of random events, there will be no hits between them, and, respectively, no force to draw them apart. Never theless, the force that can keep the macromolecules together still remains. The complex formation leads to reduction of the space volume occupied by macromol ecules. This, in turn, gives more space for the moving solvent molecules, which results in higher entropy. The depletion attraction force in concentrated solu tions facilitates the formation of any complex; how ever, the stability of the complexes enhanced by the specific interactions can be significantly higher. Mac romolecular association under macromolecular crowding was shown to be important in the formation of a number of nuclear compartments, such as the nucleolus and The Cajal bodies [55] . It is easy to imag ine the same mechanism that favors the formation of conglomerates of working transcription complexes (transcription factories) [57] . Evidences that support the existence of transcription factories without tran scription [58] are not sufficiently convincing because there was no dissociation of assembled transcription complexes under conditions of this study (transcrip tion block) [58] . It is probable that transcription facto ries are assembled on promotors as a result of the ran dom aggregation of initiating or elongating complexes of RNA polymerase II, which occurs before the apparent attraction of a gene to a transcription factory (for details see [59, 60] ). The complexes between enhancers and promotors can be formed in the same way similar to the formation of the transcription facto ries. The enhancers are known to serve as RNA poly merase II binding sites from which the enzyme bidi rectionally synthesizes short transcripts (so called enhancer RNA: eRNA) [61] [62] [63] . The transcription complexes can also be assembled on a promotor with out its activation by an enhancer. Random approach of an enhancer to a promotor as a result of stochastic fluctuation of the chromatin fibril can be sufficient for the formation of the integrated conglomerate of tran scription complexes associated with the enhancer and the promotor. The direct or indirect (through other proteins) interaction between the transcription factors bound to the specific enhancer and promotor stabi lizes the entire complex, which leads to the even stron ger association of these two elements.
CELL NUCLEUS AS EQUILIBRIUM SYSTEM
In conclusion, there is no strong evidence in favor of the spatial genome organization, which does not depend on functional processes. In fact, this is the case when mechanisms controlling gene activity could work at the level of the spatial genome organization. It should be emphasized that speaking about the spatial genome organization we keep in mind macrofolding of the chromatin fibril but not DNA packaging in nucleosomes, where the existence of epigenetic mech anisms is well proven. Based on the experimental data, one can suggest that macrofolding of the chromatin fibril reflects the functional genome activity. However, this macrofolding emerges passively in a result of the search among different configurations followed by the fixation of one of those that is the most relevant. The data allow us to suggest that the fixation is sufficiently excluded overlapping volume region weak, because different variants of the spatial configu ration of the same genome domain or the same chro mosome can be implemented in a cell population. This is confirmed by both analysis of chromosomal configuration in individual cells [64] and estimation of relative numbers of DNA fragments that are present in the enhancer promoter complexes [65, 66] . The dynamics of the spatial genome organization is impor tant from the biological point of view. The search for configurations continues even after one of them is par tially fixed. This gives a chance for fast adaptation to the changing environment.
The functional compartmentalization of the cell nucleus is dynamic in the same degree as the spatial genome organization. The rate of the protein exchange between the majority of the compartments and nucleoplasm is of the order of several seconds [51] . Respectively, one can suggest that the compart ments are constantly being assembled and disassem bled. When the level of macromolecular crowding is lowered, the equilibrium is shifted to disassembly, which leads to disappearance of many compartments. However, they can be reassembled when the initial conditions are recovered [55] . The issue of what is a structural platform for the organization of the func tional compartments in the cell nucleus is of consider able interest. The nuclear matrix was considered to be such a platform [67] ; however, long term investiga tions did not lead to finding strong evidence in favor of the existence of the filament network similar to the cytoskeleton in the of living cell nucleus [68] . The genome itself seems to be the skeleton platform for the functional compartmentalization of the cell nucleus. Individual chromosomes are known to occupy restricted and almost nonoverlapping spaces (chromo somal territories) in the interphase nucleus [69] . The spatial segregation of chromosomes occurs spontane ously and depends on physical properties of the chro matin fibril, which is an extended polymer [70, 71] . Positioning of the chromosomal territories within the nucleus is, in large, stochastic [69, 72] . This is con firmed by the fact that chromosomal territories are surrounded by different neighbor territories in differ ent cells. In lymphocytes spherical nuclei gene rich chromosomes are located closer to the nucleus center, while gene poor chromosomes are localized closer to the nucleus periphery [69, 73] . However, based on available data, a suggestion is that this organization can also be spontaneous and can be explained by the physical properties of the chromosomal territories [70] . In each cell, after mitosis is finished, the mutual disposition of the chromosomal territories is fixed by contacts with the nuclear lamine [74] and the nucleo lus [75] . This leads to the integrated chromatin com partment. A relatively unoccupied space (interchro matin compartment) exists among the segregated chromosomal territories, which incorporates many other functional compartments, including the Cajal bodies and the splicing specles [69, 76] . Obviously, positioning of these compartments within the nucleus is determined by a way of the genome packaging. In many cases, the genome is more directly responsible for the positioning of functional compartments within the nucleus. The number of the compartments, including the replication and transcription fabrics and the Polycomb bodies, contain DNA; therefore, their spatial positions is completely determined by a way of genome packaging within the nucleus. Other com partments do not contain DNA; however, they are built close to genome loci, whose products are pro cessed in these compartments. The instances are the Cajal bodies and the bodies of the histone gene locus [17] . Functional compartments are not stable. They exist as long as the functional processes associated with them exist. The most prominent example is the nucleolus, whose morphology is significantly modi fied when RNA polymerase I is inactive [77, 78] . A suggestion that functional compartments are sponta neously formed in the nucleus, as a consequence of accumulation in a certain nuclear region of proteins participating in functional processes, is quite relevant [55, 79] . For instance, enzymatic complexes partici pating in processing of 3' ends of histone mRNAs are attracted to the histone locus during transcription of the histone genes. When a critical concentration is reached, the enzymatic complexes are aggregated giv ing rise to the bodies of the histone gene locus. The process is stimulated under the conditions of macro molecular crowding. Thus, the functional compart ment assembly in the cell nucleus is stochastic. This is supported by the finding (among others) that the com positions of many compartments (ex. Cajal bodies and histone locus bodies) are overlapped, and numbers of these compartments in individual cells significantly differ [17] . Nevertheless, a component set in each compartment is not random. This is determined, in the first place, by the specificity of the functional pro cesses that initialize the formation of necessary com partments. Moreover, the majority of the nuclear com partments has a structural platform, which can be formed by both proteins (PML in PML bodies [18] and coillin in Cajal bodies [17] ), and noncoding RNA (NEAT1 RNA in paraspecles [80] ).
The possibility that the intranuclear compartments are self assembled does not mean that they are not functional. In reality, the intranuclear compartments associated with the specific functional processes rep resent reaction complexes. The segregation of enzymes and their substrates in the restricted space can supply optimal concentrations of both compo nents for efficient biochemical processes.
